Orthomyxoviruses are a family of ssRNA virus, including influenza virus, infectious salmon anaemia virus and Thogoto virus. The matrix proteins of orthomyxoviruses play crucial roles in some essential processes of the viral life cycle. However, the mechanisms of the matrix proteins involved in these processes remain incompletely understood. Currently, only the structure and function of the matrix protein from influenza virus have been studied. Here, we present the crystal structures of the N-terminal domain of matrix protein from Thogoto virus at pH 7.0 and 4.5. By analysing the structures, we identified the conformational changes of monomers and dimers in different pH conditions, mainly caused by two flexible loops, L3 and L5. These structural deviations would reflect the basis of viral capsid assembly or disassembly.
INTRODUCTION
Thogoto virus (THOV) belongs to the family Orthomyxoviridae which also includes influenza virus and infectious salmon anaemia virus. In contrast to influenza virus, few studies exist on the molecular mechanisms of THOV infection. Infection with THOV in human results in various syndromes such as febrile illness, bilateral optic neuritis, hepatitis and meningitis (Hubalek & Rudolf, 2012; Kosoy et al., 2015) . However, the mechanistic link between infection and pathological outcomes remains unclear. The genome of THOV consists of six single-stranded negative RNA segments, which encode at least seven structural proteins. The five larger RNA segments encode for the PB2, PB1, PA, GP and NP, while the sixth segment encodes two forms of matrix proteins with different length, M (266 aa) and ML (304 aa). The reading frame of M protein is terminated by a stop codon created during a splicing event, while the ML protein is translated from an unspliced transcript with an additional 38 aa at the C terminus of M protein (Hagmaier et al., 2004; Kochs et al., 2000) .
Matrix proteins of the family Orthomyxoviridae are major structural components of the viral capsid, located below the viral lipid membrane and provide protection for viral ribonucleoproteins (vRNPs) (Coloma et al., 2009) . After entry of the virus into the host cell, the viral capsid disassembles, upon which vRNPs are released to the nucleus for genomic replication and viral protein transcription. In contrast, the newly synthesized vRNPs would be packed with matrix proteins before budding from host cells. Thus, matrix proteins serve as a major participant during the processes of virus invading and budding (Li et al., 2014; Rossman & Lamb, 2011) . In addition, matrix proteins play specific roles throughout the viral life cycle, usually by interaction with other viral components or host cellular proteins. For example, the matrix 1 (M1) protein from influenza A virus (IAV) is thought to interact with vRNPs, thus attenuating the activity of viral RNA polymerases (Perez & Donis, 1998; Watanabe et al., 1996) . M1 was also reported to be involved in the transportation of newly synthesized vRNPs between nucleus and the plasma membrane (Bui et al., 2000; Cros & Palese, 2003) . Furthermore, the matrix protein of THOV interacts with host cellular proteins, thus exhibiting IFN antagonist properties (Buettner et al., 2010; Hagmaier et al., 2003; Jennings et al., 2005; Vogt et al., 2008) .
Assembly and disassembly processes of matrix proteins are related to the vRNPs packing and release during the viral life cycle. Since the matrix layer of IAV disassembles in acidic endosome at the beginning of infection and repacks in the neutral cytoplasm, a change of pH might be a key regulator for the capsid assembly/disassembly transition during these processes (Li et al., 2014; Rossman & Lamb, 2011) . Previous reports have shown that the N-terminal M1 molecules of IAV (M1N) arrange in different orientations in the crystal packing at neutral and acidic pH (Arzt et al., 2001; Harris et al., 2001; Sha & Luo, 1997) . In addition, M1N has been also found to exist as a disordered conformation which would represent a transition state between two pH conditions (Safo et al., 2014) . Based on these results, a pH-dependent conformational transition model was proposed (Safo et al., 2014) . While the C-terminal domain of M1 protein of IAV forms a stable dimer, thus contributing to the dimerization of M1, the N-terminal domain determines the pH-dependent oligomerization during the viral assembly and uncoating (Zhang et al., 2012) . However, it remains unknown whether the mechanism of IAV M1 is used by other viruses in the Orthomyxoviridae family. In order to investigate the functions of the matrix protein in THOV, we determined the crystal structures of its Nterminal domain (MN, containing the 3rd-151th amino acid) at both neutral and acidic pH. Our structural analysis reveals that MN undergoes conformational changes that result in specific, pH-dependent intermolecular interactions, thus providing detailed insights into the mechanism of viral assembly and uncoating of THOV.
RESULTS AND DISCUSSION

Conformational changes between the neutral and acidic THOV MN monomers
We initially attempted to crystallize the full-length matrix protein of THOV, consisting of 266 aa. The recombinant M protein was expressed in Escherichia coli encoded by optimized codons. However, it degraded quickly during the purification process. While attempting to express an elongated version, its crystallization failed probably due to the structural discrepancies of the ML protein.
During the purification process, we noticed that the purified recombinant ML protein easily degraded to a 16 kDa fragment (Fig. S1b , available in the online Supplementary Material). Combining results from the N-terminal peptide sequencing and mass spectrometry, we confirmed that this fragment covered the 3rd-151th amino acid of ML, which is termed MN. Treated by elastase, most of the ML was digested to MN (Fig. S1b) . These results suggest that ML should be a structurally polarized molecule with a stable Nterminal domain (MN) and a C-terminal domain available for proteolytic attack. The result is consistent with the previous reports about IAV M1 (Shishkov et al., 2011; Shtykova et al., 2013) . Therefore, MN was further studied using X-ray crystallography method (Fig. S1c) .
The crystals of MN were obtained in both neutral and acidic pH conditions in the same space group P2 1 2 1 2 1 with two molecules per asymmetric unit. The final MN models at pH 7.0 and 4.5 covering the 8th-137th and the 4th-139th amino acid, respectively. In both situations, the two molecules in one asymmetric unit are nearly identical to each other. The root-mean-square deviations (RMSD) between the C-alpha atoms of the two asymmetric molecules in neutral and acidic MN structures are 0.367 Å and 0.190 Å, respectively. The overall structures of MN in both pH conditions comprise nine helices. These helices could be divided into two 4-helix bundles connected by the fifth helix [H5, containing the 70th-74th amino acid (70-74)]. The first helix bundle consists of H1 (10-13), H2 (16-27), H3 (31-43) and H4 (49-63), while the other consists of H6 (84-97), H7 (99-106), H8 (109-121) and H9 (129-138) (Fig. 1a) . Except for the helices, there are four long loops in the structures, termed L3 (between H3 and H4, 44-48), L4 (between H4 and H5, 64-69), L5 (between H5 and H6, 75-83) and L8 (between H8 and H9, 122-128) . Folding of both the neutral and acidic structures is mainly promoted by the hydrophobic interactions among residues on H1 (Phe10 and Val13), H4 (Leu49, Val53, Met57 and Phe61), H8 (Leu110) and H9 (Val132, Ile133, Phe135 and Ile136).
To compare the structures in different conditions, we superimposed the structure of MN at pH 7.0 with that at pH 4.5 (Fig. 1b) . Although the RMSD between the C-alpha atoms of these two models is only 0.768 Å, there are some remarkable differences between these two structures. Firstly, relative shifts are visible for H6 and H7 in these two structures. In the structure at pH 4.5, residues located at helices H6 and H7 move toward the hydrophobic core, resulting in a more compact structure at pH 4.5 compared with that at pH 7.0 (Fig. S2a, b) . The second significant difference is the conformational changes for L3 and L5, which will be discussed later in detail. Due to the high resolution of the diffraction data, the electron densities of residues on H6, H7, L3 and L5 are clearly distinct in both structures (Fig. S3 ), indicating that these structural differences are reliable.
THOV matrix protein is structurally homologous to IAV M1
To explore the mechanism of matrix proteins in THOV, we compared the crystal structures of THOV MN and IAV M1N (PDB code, 1EA3) (Arzt et al., 2001) (Fig. 1c) . The sequence identity of these two homologues is as low as 23 % (Fig. 1d) . By the superimposition of the two structures in neutral condition, we found that both matrix proteins contain nine helices connected with same topology (Fig. 1c) , indicating they are structurally conserved. However, there are several differences between these two structures. Firstly, the lengths of helices H1 and H9 in THOV MN are shorter than the corresponding helices in IAV M1N. Secondly, the orientations of helices H2, H5, H6, H7 and H8 show remarkable shifts between these two structures (Fig. 1c) . Furthermore, we compared the electrostatic potential surface of THOV MN with that of IAV M1N. There is a continuous positively charged area in the crystal structure of IAV M1N, which stands back to back with a cumulative negatively charged area (Fig. S4a) . However, on the surface of THOV MN, the electrostatic areas are small and separated (Fig. S4b) . The negatively charged area focuses on a mini patch mainly formed by the residues Glu17, Asp48 and Glu139 (Fig. S4b) . Most of the residues on the positive charged area in IAV M1N, Lys47, Lys57, Arg76, Arg77, Arg78, Lys98, Arg101, Lys102, Lys104, Arg105 and Arg134, are neutral residues, leaving only Arg85, Lys88 and Arg89 on H6 in THOV MN (Figs 1c and S4b) . In the previous report, the electrostatic interaction between IAV M1N molecules was proposed to stabilize the matrix structure of the virus particle. The continuous positively charged area on IAV M1N was also proposed to be involved in lipid binding (Arzt et al., 2001) . Due to the lack of such dipolar surface, other interactions such as hydrogen bonds and hydrophobic interactions are likely to be involved in THOV matrix assembly.
THOV matrix protein tends to oligomerize in vitro
To investigate the assembly and disassembly behaviour of the THOV matrix protein in vitro, we detected the oligomerization behaviour of ML and MN using gel-filtration chromatography and cross-linking methods. At pH 7.4, ML separated into two major fractions by Superdex 200 gelfiltration column. The elution volumes of these two fractions were 80 ml and 87 ml, whose apparent molecular weight were predicted to be approximately 70 kDa and 35 kDa, respectively, according to the reference data provided by the column vendor (GE Healthcare) (Fig. 2a) . Since the molecular weight of ML is 35 kDa, the oligomer states of these two fractions were considered to be dimer and monomer. The molecular weights of these two fractions were further verified by multi-angle laser light scattering [size exclusion chromatography and multi-angle laser light scattering (SEC-MALS)] experiments (Fig. S5 ). In the SEC-MALS experiments, dimeric ML could dissociate into monomers and further degraded to MN at low concentration. Together, these results suggest that in contrast to the M1 protein of IAV (Zhang et al., 2012) , ML mainly exists as a monomer in solution. However, under specific conditions, such as high protein concentrations, it tends to assemble into dimers or oligomers. . Alignment was generated using ClustalW (Thompson et al., 1994) . The graph was generated using ESPript (Gouet et al., 1999) . Identical residues are shown in white. Similar residues are shown in red. The helices in the structures of THOV_MN and IAV_M1N are shown and labelled as H1-H9 and H1¢-H9¢, respectively.
According to the previous report, the N-terminal domain of M1 in IAV possesses a pH-dependent oligomerization character which determines the assembly and disassembly of M1 (Zhang et al., 2012) . Thus, we presume that MN contributes to the oligomerization of THOV matrix protein in vitro. When loaded onto the same gel-filtration chromatography column at pH 7.4, the recombinant MN with a molecular weight of approximately 16 kDa was eluted at 97 ml volume, indicating that it exists as monomer in the solution (Figs 2a and S5) . However, in the MN crystal at pH 7.0, the interface area between two MN monomers packed in an asymmetric unit is about 712.8 Å 2 as calculated by PDBePISA (Krissinel & Henrick, 2007) . The intermolecular interactions will be discussed later in detail. The large interface and the multiple interactions seen in our structure between two monomers suggest that MN tends to oligomerize in vitro. We verified this hypothesis using a cross-linking assay at pH 7.0. Compared with untreated MN whose band shows at 16 kDa, glutaraldehyde-treated MN showed clear additional bands at 32 kDa, 48 kDa and 64 kDa on the SDS-PAGE gel, indicating that it oligomerizes into dimeric, trimeric and tetrameric states, respectively (Fig. 2b) . Its tendency to oligomerize was also visible at pH 4.5 (Fig. S6 ). This result shows that the high-oligomerized MN was greatly reduced compared with that at pH 7.0, although the bands of dimeric and trimeric states were still visible. These results suggest that MN is inclined to assemble into different aggregation states, dependent on the pH condition.
Structural basis of MN-mediated oligomerization at neutral and acidic pH
To explore the structural basis of the MN-mediated oligomerization, we analysed the crystal packing in the MN structures determined in different pH conditions. In both structures, each asymmetric unit consists of two MN monomers, which are termed monomer A and B in neutral conditions, while monomer A¢ and B¢ in acidic conditions, respectively. The crystal packing are observed by analysing the interactions between the two molecules in one asymmetric unit. In the structure determined at pH 7.0, some close contacts mediated by residues from L3 and L5 are visible between monomer A and B (Fig. 2c) . The contacts are maintained primarily by the interactions involved in residues Ser46 and Ser47 of one molecule, and residues Gly79 and Thr76 of the other molecule. For example, the hydroxyl of Ser46 from L3 in monomer A forms a hydrogen bond (3.19 Å) with the hydroxyl of Thr79 from L5 in monomer B. Furthermore, the carbonyl group of Ser47 located at L3 in monomer A forms a hydrogen bond (3.01 Å) with the amino group of Gly76 located at L5 in monomer B (Fig. 2d) . Since the two molecules are arranged with a twofold axis which is vertical to the plane formed by L3 and L5, the interactions are doubled by duplicating them from L5 in monomer A to L3 in monomer B (Fig. 2c) .
Compared with the symmetric packing model in the neutral structure, an asymmetric packing model is proposed based on the acidic structure (Fig. 3a) . At pH 4.5, two stacking monomers are arranged in an asymmetric unit without obvious axis of symmetry (Fig. 3a) . This acidic interface primarily refers to the interactions involved in residues Glu68, Lys124 and Thr79 of monomer A¢, and residues Arg105, Ser97, Asn83 and Glu86 of monomer B¢ (Fig. 3b) . In detail, the carboxyl group of Glu68 from L4 in monomer A¢ forms two hydrogen bonds (2.58 and 3.27 Å) with the amino groups of Arg105 from H7 in monomer B¢. The amino group of Lys124 from L8 in monomer A¢ forms a hydrogen bond (3.49 Å) with the carbonyl group of Ser97 located at H6 in monomer B¢. The hydroxyl of Thr79 located at L5 in monomer A¢ forms two hydrogen bonds with the amino group of Asn83 located at L5 (3.24 Å) and the carboxyl group of Glu86 (2.97 Å) located at H6 in monomer B¢ (Fig. 3b) .
Except for the two native structures at pH 7.0 and 4.5, we also investigated the structure of a selenium (Se) derivative crystal obtained at pH 6.2. A symmetric packing model is presented in the structure of Se-derivative MN (Se-MN) (Fig. S7a) We attribute it to the fact that the Se-derivative crystal was obtained at pH 6.2, approximate to neutral pH. The RMSD between the C-alpha atoms of the Se-MN structure with that of the native structure at neutral and acidic pH are 0.481Å and 0.678 Å, respectively, indicating the structure of Se-MN is similar to the native structures. More specifically, L3 and L5 in the Se-MN structure present transition conformations between neutral and acidic structures (Fig.  S7b, c) .
All MN crystals belong to the P2 1 2 1 2 1 space group, independent of pH values test. Their cell units possess similar a and c axes, however, they differ considerably in the length of the b axis (Table 1) , b=73 Å at pH 7.0, b=80 Å at pH 6.2, while b=88 Å at pH 4.5. We attribute the differences to the different packing models of the MN molecules. Together, our data suggest that the pH-dependent compaction of the crystals reflects the pH-dependent assembly of the MN.
Conformational transition between the neutral and acidic conditions
In the symmetric packing model at neutral pH and the asymmetric packing model at acidic pH, the relative positions of the two monomers in these two models are different (Fig. 4a) . We propose this remarkable shift mainly comes from the structural deviations at different pH. To verify the conformational transition between the two pHs in detail, monomer A¢ and B¢ of the acidic structure were superimposed onto monomer A and B of the neutral structure, respectively (Fig. 4b) . We noticed that L3¢ and L5¢ in the acidic structures relocated from the L3-L5 interface in the neutral structure. Residues Gln45, Ser46, Ser47 and Asp48 in L3¢ and Ser75, Gly76 and Val77 in L5¢ have significant conformational differences compared with those in the neutral structure (Fig. 4c, d) . As a result, Ser46 and Ser47 from one acidic monomer could not interact with the residues Thr79 and Gly76 from the other acidic monomer. Therefore, the symmetric packing model unstable under acidic conditions. These results suggest that the pH-dependent conformational transitions provide structural bases for MN assembly and disassembly.
pH-dependent mechanism of viral assembly and uncoating
The assembly and uncoating processes are crucial events in the viral life cycle. However, the structural and mechanistic details remain unclear. Previous reports suggested that the packing of IAV M1N was pH-dependent (Safo et al., 2014) . Here, we propose that the pH-dependent packing model of IAV M1 is also used by the THOV matrix protein (Fig. 5) . In the neutral cytoplasm, based on interactions using residues Ser46, Ser47, Gly76 and Thr79 from L3 and L5 loops (Fig. 2c,  d ), THOV matrix proteins exist as symmetrical dimers (Fig. 5, top panel) . The symmetrical dimers further assemble into the viral capsid, probably with the assistance of other participants. In contrast, in the acidic endosome, specific conformational changes occur within the L3 and L5 loops (Fig. 4c, d) . As a result, the symmetrical dimer dissociates and reassociates into an asymmetric dimer (Fig. 5, bottom  panel) , based on the interactions among residues Glu68, Lys124, Thr79, Arg105, Ser97, Asn83 and Glu86 (Fig. 3a, b) . The asymmetric dimers impede further assembly of the matrix proteins, supporting the process of viral uncoating.
In summary, our results extend the pH-dependent conformational transition model of matrix protein from IAV to THOV, the other member of the family Orthomyxoviridae. These results and detailed structural information are helpful to further understand the processes of viral assembly and uncoating in the family Orthomyxoviridae.
METHODS
Cloning, protein expression and purification. The codonoptimized genes encoding THOV matrix protein (UniProt accession numbers, M: Q77D96, ML: Q80A33) and MN were amplified by PCR and cloned into pGEX-6p-1 expression vector with BamHI and XhoI restriction endonuclease sites. The recombination vectors were transformed into E. coli strain BL21 (DE3) cells. Cells were cultured in LuriaBertani medium at 37 C with 100 mg ampicillin l À1 and induced at 16 C with 0.5 mM IPTG when the OD 600 reached 0.6-0.8 and then harvested by centrifugation after 20 h. The selenomethionine derivate (Se-derivate) MN protein was expressed using the same construct and E. coli strain, growing in M9 medium containing 50 mg l À1 selenomethionine.
E. coli cells were suspended in PBS buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 and 1.4 mM KH 2 PO 4 ) and then lysed by sonication. The supernatants were separated by centrifugation and applied to glutathione S-transferase (GST) affinity columns. The GST tags were removed by PreScission protease digestion at 4 C with digestion buffer (20 mM Tris-HCl, pH 7.4 and 100 mM NaCl). After an overnight reaction on the columns, the eluted proteins were further purified by anion exchange column and Superdex 200 gel filtration chromatography (GE Healthcare) with the buffer containing 2 mM Tris-HCl, pH 7.4 and 100 mM NaCl.
Crystallization. Proteins were concentrated to 10 mg ml À1 for crystallization at 16 C using the hanging-drop vapour-diffusion method. The native MN crystals using for data collection were obtained in both neutral and acidic conditions, 0.2 M ammonium citrate tribasic (pH 7.0) with 20 % w/v polyethylene glycol 3350 and 0.1 M sodium acetate trihydrate (pH 4.5) with 3.0 M NaCl. The Se-derivate MN crystals were obtained in the solution containing 1.4 M NaH 2 PO 4 /K 2 HPO 4 (pH 6.2).
Data collection and structure determination. X-ray diffraction data were collected at beamlines BL17U and BL19U at Shanghai Synchrotron Radiation Facility (SSRF, China). Prior to data collection, crystals were treated using reservoir solution supplemented with 30 % glycerol. The data were processed by the HKL2000 program suite (Otwinowski & Minor, 1997) . The structure of Se-derivate MN was determined by single-wavelength anomalous diffraction (SAD). The selenium atoms were located by SHELXD (Sheldrick, 2008) . The initial phase was carried out by phenix.autosol and the model was built and refined by phenix.autobuild (Adams et al., 2010) . The native structures at pH 7.0 and 4.5 were determined by Phaser (Mccoy et al., 2007) using the molecular replacement method with the Se-derivate structure as the initial model. The structures were modified using Coot (Emsley et al., 2010) and refined by phenix.refine (Adams et al., 2010) . The final R work and R free of the model at pH 7.0 are 27.20 and 28.52 %, while they are 17.38 and 18.95 % at pH 4.5, respectively. Data collection and refinement statistics are summarized in Table 1 . The atomic coordinates and diffraction data have been deposited in the Protein Data Bank (PDB codes: 5I5O for pH 7.0, 5I5N for pH 4.5). Structural figures were prepared using PyMOL software (http://www.pymol.org).
Proteolysis. The purified ML protein was concentrated to 10 mg ml
À1
in the buffer containing 20 mM Tris-HCl (pH 7.4) and 100 mM NaCl. Elastase treatment was performed at 25 C for 30 min. The molar ratio of the protein to elastase was 20 : 1. The fragments were separated by Superdex 200 gel filtration chromatography (GE Healthcare) with the same buffer.
Size exclusion chromatography and multi-angle laser light scattering. The samples were prepared and purified by Superdex 200 gel filtration chromatography (GE Healthcare). For the SEC-MALS experiments, samples were diluted to a concentration of 1 mg ml À1 in a buffer solution containing 20 mM HEPES, pH 7.0 and 100 mM NaCl. SEC-MALS was performed using a Superdex 75, 24 ml column (GE Healthcare), DAWN HELEOS-II, Optilab T-rEX and ASTRA version 6.1 (Wyatt Technology Corporation) coupled with high-performance liquid chromatography (Agilent Technologies).
Cross-linking assay. The purified MN protein (with 0.1 M NaCl, 0.1 M HEPES, pH 7.0 or 0.1 M sodium acetate trihydrate, pH 4.5) was incubated with freshly prepared glutaraldehyde solution at 4 C for various times. The reactions were quenched by Tris-HCl (pH 7.0) at a final concentration of 0.05 M. The protein samples were then heat treated in SDS-denaturing buffer, separated in SDS polyacrylamide gradient gels and detected by Coomassie blue staining.
